OBJECTIVE: To determine if total calcium (Ca 2+ ) intake and intake of Ca 2+ from dairy sources are related to whole-body fat oxidation. DESIGN: Cross-sectional study. SUBJECTS: A total of 35 (21 m, 14 f) non-obese, healthy adults (mean 7 s.d., age: 31 7 6 y; weight: 71.2 7 12.3 kg; BMI: 23.7 7 2.9 kg m À2 ; body fat: 21.4 7 5.4%). MEASUREMENTS: Daily (24 h) energy expenditure (EE) and macronutrient oxidation using whole-room indirect calorimetry; habitual Ca 2+ intake estimated from analysis of 4-day food records; acute Ca 2+ intake estimated from measured food intake during a 24-h stay in a room calorimeter. RESULTS: Acute Ca 2+ intake (mg Á kcal À1 ) was positively correlated with fat oxidation over 24 h (r ¼ 0.38, P ¼ 0.03), during sleep (r ¼ 0.36, P ¼ 0.04), and during light physical activity (r ¼ 0.32, P ¼ 0.07). Acute Ca 2+ intake was inversely correlated with 24-h respiratory quotient (RQ) (r ¼ À0.36, P ¼ 0.04) and RQ during sleep (r ¼ À0.31, P ¼ 0.07). After adjustment for fat mass, fat-free mass, energy balance, acute fat intake, and habitual fat intake, acute Ca 2+ intake explained B10% of the variance in 24-h fat oxidation. Habitual Ca 2+ intake was not significantly correlated to fat oxidation or RQ. Total Ca 2+ intake and Ca 2+ intake from dairy sources were similarly correlated with fat oxidation. In backwards stepwise models, total Ca 2+ intake was a stronger predictor of 24 h fat oxidation than dairy Ca 2+ intake. CONCLUSION: Higher acute Ca 2+ intake is associated with higher rates of whole-body fat oxidation. These effects were apparent over 24 h, during sleep and, to a lesser extent, during light physical activity. Calcium intake from dairy sources was not a more important predictor of fat oxidation than total Ca 2+ intake.
Introduction
There is little understanding of the optimal dietary composition necessary to promote weight loss and prevent weight gain. While much attention has been focused on macronutrient intake and body weight regulation, particularly dietary fat, 1 an emerging body of literature suggests that dietary calcium (Ca 2+ ) may play a role in the regulation of body weight and body fat. In an analysis of the first National Health and Nutrition Examination Survey (NHANES I), McCarron et al 2 reported that body weight was inversely related to self-reported Ca 2+ intake. In subsequent crosssectional studies, self-reported Ca 2+ intake was shown to be inversely related with body fat mass, 3 body weight, 4 and the relative risk of obesity in NHANES III. 5 Low self-reported Ca 2+ intake was later shown to predict gains in body fat in children 6 and young women. 7 In humans, greater weight loss was observed with Ca 2+ supplementation in placebocontrol trials of the effect of dietary Ca 2+ on osteoporotic risk, 4 and an unexpected 4.9 kg weight loss was observed in a clinical trial investigating the anti-hypertensive effects of increasing dietary Ca
2+
. 5 It has been estimated that a 1000 mg Ca 2+ intake difference is associated with an 8 kg difference in mean body weight, and that Ca 2+ intake explains approximately 3% of the variance in body weight. 4 Thus, there is an increasing interest in understanding the mechanism by which dietary Ca 2+ potentially regulates body weight and fat mass. It has been hypothesized that high Ca 2+ diets protect against fat gain by creating a balance of lipolysis over lipogenesis in adipocytes. 5 Implicit in the hypothesis that high Ca 2+ intake promotes maintenance of lower body fat mass in humans by enhancing lipolysis is the assumption that high-Ca 2+ diets promote greater rates of whole-body fat oxidation. In Pima Indians, a low rate of fat oxidation has been shown to be predictive of future weight gain. 16 To our knowledge, the association between Ca 2+ intake and whole-body fat oxidation in humans has not been previously examined. Using data from subjects previously studied in our whole-room calorimeter, we examined the association between 24-h fat oxidation and (a) self-reported (habitual) Ca 2+ intake, and (b) measured (acute) Ca 2+ intake to test the hypothesis that a higher intake of dietary Ca 2+ is associated with higher levels of fat oxidation. As data in humans 17 and animals 6, 10 suggest that dairy sources of calcium exert a stronger effect than nondairy sources, we also considered the effects of total and dairy calcium separately. To eliminate the effect of variations in fat oxidation during the day because of the timing of meals and activity, the association between Ca 2+ intake and sleeping fat oxidation was also examined. Finally, we examined fat oxidation during light physical activity to determine if fat oxidation during exercise is related to Ca 2+ intake.
Methods

Subjects
Data from healthy, normal-weight subjects, who previously completed a 24-h stay in the whole-room calorimeter, were used in the current analyses. Subjects were moderately active (3-5 h per week of exercise, as determined from self-report), and between 20 and 45 y of age. Smokers or individuals reporting a history of diabetes, cardiovascular disease, or metabolic disorders known to affect intermediary metabolism were excluded. A health history and physical examination was performed to confirm that there were no medical reasons for exclusion. Subjects provided informed written consent. The study protocols were approved by the Colorado Multiple Institutional Review Board and the Scientific Advisory Board of the General Clinical Research Center (GCRC) at the University of Colorado Health Sciences Center.
All subjects had completed one 24-h stay in the wholeroom calorimeter under similar conditions. A standardized walking and stepping protocol was performed each day between 14.20 and 16.30 to account for activity level outside the calorimeter. This protocol consisted of 10-min periods alternating between either walking or stepping and sitting quietly. Subjects were free to move about the calorimeter during other times of the day, but primarily this time was spent in sedentary behavior (reading, writing, or watching television). Subjects were instructed to remain awake and not to nap or perform any exercise other than that prescribed by the protocol. During each stay in the calorimeter, subjects consumed a diet designed to achieve energy balance, estimated from fat-free mass. The composition of the diet was 30% energy fat, 15% energy protein, and 55% energy carbohydrate. Subjects were permitted to select their food preferences (eg some subjects avoided dairy products), so there was a wide range of Ca 2+ intake.
Measurements
Body composition. Body composition was determined by hydrodensitometry, with residual volume measured simultaneously using the open-circuit nitrogen-dilution technique. 18 Nitrogen was measured using a Med-Science 505-D Nitralizer (St Louis, MO, USA). Percent body fat was estimated from body density (average of 7-10 repeat measurements) using the revised equation of Brozek et al.
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Daily (24 h) energy expenditure and substrate oxidation. Total daily energy expenditure (EE) and substrate oxidation were determined from oxygen consumption and carbon Calcium intake and fat oxidation EL Melanson et al dioxide production measured in a whole-room calorimeter. Gas concentrations were determined from the flow rate and the differences in CO 2 and O 2 concentrations between entering and exiting air using Hartman and Braun (Frankfurt, Germany) oxygen (Magnos 4 G) and carbon dioxide (Uras 3 G) analyzers. Values were corrected for temperature, barometric pressure, and humidity. Urine was collected for the duration of the calorimeter stay and analyzed for total nitrogen concentration, which was then used to determine 24-h protein oxidation. 20 EE and substrate oxidation were calculated from oxygen consumption and the respiratory quotient (RQ) based on the equations of Jequier et al.
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Values for all indices were averaged over 1 min intervals and recorded to a data file. The operation of the calorimeter was controlled and data collected minute by minute using a customized program operating on a personal computer. An advantage of the room calorimeter is that it permits the determination of EE and substrate oxidation during different segments of the day (eg during sleep and the walking/ stepping protocol). The accuracy and precision of the calorimeter is evaluated regularly by burning propane at a variable rate. Calibration tests consistently demonstrate a 97-98% recovery of the predicted values for oxygen consumption and carbon dioxide production. Quick response rates (in the order of 1-2 min) are observed, allowing for an accurate determination of EE and substrate oxidation over short intervals (eg !30 min).
Energy and macronutrient intake. Habitual Ca 2+ intake was determined from 4-day food diaries completed over four consecutive days that included a weekend day. Each subject was individually trained by a dietitian to weigh and record all food and beverage intakes. The diaries were completed 2-4 weeks before subjects were studied in the room calorimeter. Subjects were instructed to consume their usual diets during the measurement period. In the presence of the subject, the dietitian reviewed the completed food intake records for clarity and completeness. Caloric and macronutrient contents of the 4-day food were determined using Food Intake Analysis Software (FIAS, Version 3.98, University of Texas ( Figure 5b ) was not related to walk/step RQ. Similarly, neither acute nor habitual dairy Ca 2+ intake were significantly correlated with walk/step RQ or fat oxidation, even in the adjusted regression models (data not shown).
In the backwards stepwise multiple regression models, acute (P ¼ 0.02) and habitual (P ¼ 0.04) total Ca 2+ intake remained significant predictors of 24-h fat oxidation, whereas acute and habitual dairy Ca 2+ were not. However, sleeping fat oxidation was best predicted by total habitual (P ¼ 0.01) and acute dairy (Po0.01) Ca 2+ intake.
Discussion
In healthy, young, non-obese humans, acute Ca 2+ intake is significantly and positively related to fat oxidation measured using whole-room, indirect calorimetry. Thus, the findings of the current study are consistent with the hypothesis that high dietary Ca 2+ diets protect against fat mass gain by promoting lipolysis, 5 which may in turn promote increased fat oxidation.
To our knowledge, this is the first study in humans to report an association between Ca 2+ intake and fat oxidation. . 5, 17 However, in the current analysis, the correlations between fat oxidation and Ca 2+ Figure 5 Relation between RQ during the standardized walking and stepping routine and acute (a) and habitual (b) Ca 2+ intake.
Calcium intake and fat oxidation EL Melanson et al intake were nearly identical whether total or dairy Ca 2+ was used. Moreover, total, but not dairy, Ca 2+ remained as significant predictors of 24-h fat oxidation in backwards stepwise regression models. However, acute dairy Ca 2+ intake was a significant predictor of sleeping fat oxidation in the backwards models. Thus, although our data do not support an additive effect of dairy Ca 2+ on fat oxidation, we cannot exclude the possibility that the effects of dairy Ca 2+ on fat oxidation are only apparent at rest. In summary, in this cross-sectional analysis we found that subjects with higher intakes of dietary calcium during a 24-h period also had higher rates of fat oxidation during that period. After adjustment for factors known to affect fat oxidation measured with room calorimetry, intake of this single micronutrient explained B10% of the variance in fat oxidation between individuals. Although these results do not show directly that calcium promotes fat oxidation, the findings are consistent with the hypothesis that high intakes of calcium are associated with lower levels of fat mass.
